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(57) ABSTRACT

Techniques and structure are disclosed for implementing a
spatial walk-off compensation mechanism having an integral
tilt function. In some embodiments, the mechanism may
comprise a tilt-ball mount having an integrated walk-off com-
pensation medium. In some embodiments, the mechanism
may be configured to receive an output beam from a non-
linear converter (e.g., optical parametric oscillator or OPO)
implementing a non-linear medium comprising a bi-refrin-
gent material (e.g., zinc germanium phosphide, or ZnGeP,;
cadmium silicon phosphide, or CdSiP,). In some embodi-
ments, the walk-off compensation medium may comprise the
same material and/or have the same cut as the non-linear
medium. In some embodiments, the mechanism may be
manually and/or mechanically adjusted/repositioned to
reduce beam walk-off and/or to more precisely direct the
beam. In some embodiments, the mechanism may be imple-
mented in mid-infrared (MIR) applications. Numerous con-
figurations and variations will be apparent in light of this
disclosure.

9 Claims, 3 Drawing Sheets

P \

Bariak walk-Off

P

1 High-

; Reflectivity
Mirror

+

Mor-Lingar
Medium

20 a0

u

|
i
Reflactivity i Compensation T

Mieror - ‘,.!.-_,\ Mechanism

. R =




US 9,225,144 B2
Page 2

(51) Imt.ClL
HO1S 3/0941 (2006.01)
HO01S 3/16 (2006.01)
(56) References Cited

U.S. PATENT DOCUMENTS

5,652,757 A 7/1997 Okazaki et al.
6,172,800 B1* 1/2001 Kouta ...

359/328

6,373,868 Bl
6,614,584 Bl
6,882,465 Bl
7,339,722 B2 *

9,036,250 B2 *
2009/0128930 Al
2009/0237777 Al

* cited by examiner

4/2002
9/2003
4/2005
3/2008

5/2015
5/2009
9/2009

Zhang
Govorkov et al.
Boulanger et al.

Kelley ....cccccovvnnnee GO2F 1/3544

359/326
Owenetal. .....ccceernn. 359/330
Fujioka et al.

Meissner et al.



US 9,225,144 B2

Sheet 1 of 3

Dec. 29, 2015

U.S. Patent

MUY ABBUTT-UNY T

\\\\\\!«).!..{\\\\\wu 3 m\w\mhuww\ S N»«HM\.M\U w
an o § %y ” i
¥ ek Y ’
3 ¥ i L, , . {
o w& WD 4 _ % WA 2 DA P
Apeeeerh p DI Es et i : A ¥ i
 yegans uDiEsuBdnIo TR} . A Ayaisagay .\
y H 454 TSt A Iy a1 i3 ;
% o ST 133 H % g AEBUTY MO '
.““ e PR o 3 M%rw S \x..\\w m (memk»w.nm 1 . N.,.Hmu ”Tm M
et £
. i
i ;
TR YRS Srrr ess mmms weam ssss SAPA £fis wxd | Wmee  smm sese mss easx cras mewn wme. smen  wee. wews axa  maps FELe s SOP ek eds G448 Frmn nmmm  mmm.  mmms ey pps \\\-w
%,
7

~
oy

o~

$ 4

1 3n8i

& vl



US 9,225,144 B2

Sheet 2 of 3

Dec. 29, 2015

U.S. Patent

ISR

X

43

K183 B w}m
;R/:JEM

Z 8insi

M:Mﬁbf.,\t. PrareisH .W g28eZ

%
LAY
FBOU-LD

o

.



US 9,225,144 B2

Sheet 3 of 3

Dec. 29, 2015

U.S. Patent

oL
7%
&4
W\.s
o

3

1721

(01

s, %

LA Yo, %8
VRN
A e

P B .
T

/ %
o ; i
3 fiasd ;wt\\. w\..\\. \

NTTVIEN S
e
"
e52

o
By

. H
..«.r.\ §

S g

7™
[2e]

283

Y
i
o~
!
&

238
28

s

=
-

W

i “
73 &MA&&EEL/J bt
oy e
7,
N
[
16y
7

iy
0




US 9,225,144 B2

1
WALK-OFF COMPENSATOR WITH TILT
FUNCTION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application is a divisional application of U.S. appli-
cation Ser. No. 13/809,434 filed Jan. 10, 2013 and claims the
benefit of and priority to U.S. Provisional Patent Application
No. 61/481,057, filed on Apr. 29, 2011, which is herein incor-
porated by reference in its entirety.

FIELD OF THE DISCLOSURE

The invention relates to lasers, and more particularly to
spatial walk-off compensation.

BACKGROUND

In some non-linear converter applications, emissions from
anon-linear converter such as an optical parametric oscillator
(OPO), for example, may drift apart or otherwise fail to
properly overlap—phenomenon known as spatial walk-off.
Efforts may be made to compensate for walk-off, and so make
emissions from a non-linear converter better overlap. How-
ever, there are a number of non-trivial challenges to achieving
walk-off compensation.

SUMMARY

One embodiment of the present invention provides an
apparatus including a tilt-ball mount having a through-hole
aperture formed therein and a walk-off compensation
medium, wherein at least a portion of the walk-off compen-
sation medium is disposed within the through-hole aperture
of the tilt-ball mount. In some cases, the tilt-ball mount has a
geometry that is spherical, cylindrical, ellipsoidal, polyhe-
dral, or prismatic. In some cases, the tilt-ball mount is con-
figured to be tilted and/or rolled. In some cases, the walk-off
compensation medium comprises a zinc germanium phos-
phide (ZnGeP,) crystal or a cadmium silicon phosphide (Cd-
SiP,) crystal. In some cases, the walk-off compensation
medium has a geometry that is polyhedral, prismatic, or cylin-
drical. In some cases, the apparatus is configured to receive a
beam from a non-linear converter and to achieve at least one
of beam walk-off compensation and/or precision beam
directing. In some such cases, the non-linear converter com-
prises an optical parametric oscillator (OPO). In some other
such cases, the non-linear converter utilizes a non-linear
medium comprising a zinc germanium phosphide (ZnGeP,)
crystal and/or a cadmium silicon phosphide (CdSiP,) crystal.
In some other such cases, the apparatus further includes a
stabilizer configured to minimize and/or prevent movement
of the tilt-ball mount once in a desired positioned.

Another embodiment of the present invention provides a
system including a non-linear converter configured to receive
a pump beam and generate an output beam and a walk-off
compensation mechanism having an integral tilt function,
wherein the walk-off compensation mechanism is configured
to be tilted and/or rolled to achieve at least one of walk-off
compensation and/or precision directing for the output beam.
In some cases, the non-linear converter comprises an optical
parametric oscillator (OPO). In some cases, the non-linear
converter utilizes a non-linear medium comprising a zinc
germanium phosphide (ZnGeP,) crystal and/or a cadmium
silicon phosphide (CdSiP,) crystal of a given cut. In some
cases, the walk-off compensation mechanism includes a tilt-
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ball mount having a through-hole aperture formed therein and
a walk-off compensation medium, wherein at least a portion
of the walk-off compensation medium is disposed within the
through-hole aperture of the tilt-ball mount. In some cases,
the tilt-ball mount has a geometry that is spherical, cylindri-
cal, ellipsoidal, polyhedral, or prismatic. In some other such
cases, the walk-oftf compensation medium comprises a zinc
germanium phosphide (ZnGeP,) crystal or acadmium silicon
phosphide (CdSiP,) crystal. In some other such cases, the
walk-off compensation medium at least one of comprises the
same material as the non-linear medium and/or has the same
cut as the non-linear medium. In some other such cases, the
system further includes a stabilizer, wherein the stabilizer
includes a seat configured to receive a first portion of the
tilt-ball mount, a chassis configured to support the seat, a post
operatively coupled to the chassis, a clamp arm operatively
coupled to the post, wherein the clamp arm is configured to
engage a second portion of the tilt-ball mount, and a fastener
configured to secure the clamp arm once it engages the second
portion of the tilt-ball mount.

Another embodiment of the present invention provides a
method including the steps of producing a beam with a non-
linear converter utilizing a non-linear medium comprising a
bi-refringent material of a given cut, directing the beam to a
walk-off compensation mechanism having an integral tilt
function and configured to be tilted and/or rolled to achieve at
least one of walk-off compensation and/or precision directing
for the beam, wherein the walk-off compensation mechanism
includes a tilt-ball mount having a through-hole aperture
formed therein and a walk-off compensation medium that at
least one of comprises the same bi-refringent material as the
non-linear medium and/or has the same cut as the non-linear
medium, wherein at least a portion of the walk-off compen-
sation medium is disposed within the through-hole aperture
of the tilt-ball mount, and adjusting the walk-off compensa-
tion mechanism to compensate for beam walk-oft and/or to
precisely direct the beam. In some cases, the non-linear con-
verter comprises an optical parametric oscillator (OPO). In
some cases, the non-linear medium comprises a zinc germa-
nium phosphide (ZnGeP,) crystal and/or a cadmium silicon
phosphide (CdSiP,) crystal.

The features and advantages described herein are not all-
inclusive and, in particular, many additional features and
advantages will be apparent to one of ordinary skill in the art
in view of the drawings, specification, and claims. Moreover,
it should be noted that the language used in the specification
has been selected principally for readability and instructional
purposes and not to limit the scope of the inventive subject
matter.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1is ablock diagram depicting an example approach to
providing walk-off compensation.

FIG. 2 is a block diagram of a laser cavity implementing a
walk-off compensation mechanism configured in accordance
with an embodiment of the present invention.

FIG. 3A illustrates a perspective view of a walk-off com-
pensation mechanism configured in accordance with an
embodiment of the present invention.

FIG. 3B illustrates a cross-section view of the walk-off
compensation mechanism of FIG. 3 A taken along dashed line
[-p therein.

FIG. 4 is a perspective view of a walk-off compensation
mechanism with a stabilizer, configured in accordance with
an embodiment of the present invention.
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These and other features of the present embodiments will
be understood better by reading the following detailed
description, taken together with the figures herein described.
The accompanying drawings are not intended to be drawn to
scale. In the drawings, each identical or nearly identical com-
ponent that is illustrated in various figures is represented by a
like numeral. For purposes of clarity, not every component
may be labeled in every drawing.

DETAILED DESCRIPTION

Techniques and structure are disclosed for implementing a
spatial walk-off compensation mechanism having an integral
tilt function. In some embodiments, the mechanism may
comprise a tilt-ball mount having an integrated walk-oft com-
pensation medium. In some embodiments, the mechanism
may be configured to receive an output beam from a non-
linear converter (e.g., optical parametric oscillator or OPO)
implementing a non-linear medium comprising a bi-refrin-
gent material (e.g., zinc germanium phosphide, or ZnGeP,;
cadmium silicon phosphide, or CdSiP,). In some embodi-
ments, the walk-off compensation medium may comprise fee
same material and/or have the same cut as the non-linear
medium. In some embodiments, the mechanism may be
manually and/or mechanically adjusted/repositioned to
reduce beam walk-off and/or to more precisely direct the
beam. In some embodiments, the mechanism may be imple-
mented in mid-infrared (MIR) applications. Numerous con-
figurations and variations will be apparent in light of this
disclosure.

General Overview

As will be appreciated, a non-linear converter (e.g., an
optical parametric oscillator or OPO) which implements an
anisotropic medium (e.g., a single crystal of a bi-refringent
material), for example, is susceptible to producing output
beams which experience a phenomenon known as beam
walk-off, wherein the emissions drift apart or otherwise fail to
property overlap. In such cases, the waves interacting within
a focused beam lose their spatial overlap during propagation,
and thus the output beams may have, for instance, a broader
amplitude and/or broader intensity profile than desired for a
given application.

As will further be appreciated, OPOs which implement, for
example, a single crystal of a bi-refringent material (e.g., zinc
germanium phosphide, ZnGeP, or ZGP; cadmium silicon
phosphide or CdSiP,) are susceptible to producing output
beams which experience beam walk-off; that is, the beam
centroid of the residual pump beam at the exit of the OPO is
physically displaced from the centroids of the signal and idler
beams produced by the OPO, which may cause problems for
a telescope that receives the beams.

Walk-off compensation may be utilized to reduce/mitigate
beam walk-off (e.g., make the emissions from a non-linear
converter better overlap). For instance, FIG. 1 is a block
diagram depicting an example approach to providing walk-
off compensation. As can be seen, a laser cavity 100 may
include, for example, a non-linear converter 110 (e.g., OPO)
implementing a high-reflectivity mirror 120 at its input, a
partial-reflectivity mirror 140 at its output, and a non-linear
medium 130 (e.g., a non-linear crystal) there between. A
pump beam may be provided to the non-linear converter 110
at its input coupler (e.g., incident to the high-reflectivity mir-
ror 120). To provide walk-off compensation, a walk-off com-
pensation medium 150 (e.g., a crystal) is positioned down-
stream of the non-linear converter 110 and configured to
receive its output (e.g., exiting the partial-reflectivity mirror
140). The walk-off compensation crystal 150 is of the same
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type and cut as that utilized as non-linear medium 130. In
addition, a separate, discrete tilt-ball 154 is further included
downstream of the walk-oftf compensation medium 150 and
configured to receive its output. The tilt-ball 154 comprises a
metal ball having a thick piece of glass (e.g., zinc selenide,
silicon, germanium, silicon germanium, or sapphire) secured
therein, into which the output beam of the walk-off compen-
sation medium 150 is directed. Upon tilting the tilt-ball 154,
the beam may be directed, for instance, to a next stage or other
location where it can be further processed or otherwise uti-
lized.

However, such a design is associated with a number of
non-trivial issues and complications. For example, imple-
menting tilt-ball 154 and walk-off compensation crystal 150
as separate, discrete optical components: (1) increases the
overall size of laser cavity 100; (2) increases the overall bulk,
footprint, and/or weight of a laser system implementing such
a laser cavity 100; (3) reduces the dependability of the laser
system implementing such a laser cavity 100, given that there
are more optical components which may malfunction and/or
degrade over time; and (4) reduces the integrity of the output
beam, given that overall beam loss increases as the number of
optical components disposed in the beam line increases.
Other inherent complications and non-trivial issues associ-
ated with laser cavity designs implementing tilt-balls 154 and
separate, discrete walk-oft compensation media 150 will be
apparent in light of this disclosure.

Therefore, there is need for techniques for providing spa-
tial walk-off compensation while reducing the number of
optical components in the beam line, minimizing the size of a
given laser cavity, and/or minimizing the bulk, footprint, and/
or weight of a given laser system.

Thus, and in accordance with an embodiment of the present
invention, techniques are disclosed for implementing a walk-
off compensator having an integral tilt function. In some
embodiments, a walk-off compensation medium (e.g., crystal
of'a given material and cut) may be integrated into or other-
wise operatively coupled with a tilt-ball mount, for example.
The resultant mechanism may be implemented, in some
embodiments, downstream of a non-linear converter (e.g.,
optical parametric oscillator or OPO) to redirect its output
beam to help its emissions achieve a desired degree of overlap
(e.g., minimize/eliminate beam walk-off). In accordance with
an embodiment, the mechanism may be manually and/or
mechanically adjusted to achieve the desired beam redirec-
tion.

In accordance with an embodiment, techniques disclosed
herein may be implemented, for example, in a laser cavity
configured for use in mid-infrared (MIR) (e.g., in the range of
about 3-8 um) applications. However, the claimed invention
is not so limited; for instance, and in accordance with an
embodiment of the present invention, techniques disclosed
herein may be implemented in any application where spatial
walk-off results, for example, from bi-refringence of a non-
linear medium.

As will be appreciated, implementation of a walk-off com-
pensator having an integral tilt function, in accordance with
an embodiment, may eliminate the need for inclusion of a
separate, discrete tilt-ball component (e.g., such as the tilt-
ball 154 of FIG. 1). Thus, and in accordance with an embodi-
ment, one or more of the following benefits/advantages may
be realized: (1) a reduction in the overall size of the laser
cavity which includes such a walk-off compensator having an
integral tilt function; (2) a reduction in the overall bulk, foot-
print, and/or weight of a laser system implementing such a
laser cavity; (3) an increase in the dependability of such a
laser system, given that there are comparatively fewer optical
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components which may malfunction and/or degrade over
time; and/or (4) an increase in the integrity of the output
beam, given that overall beam loss decreases as the number of
optical components disposed in the beam line decreases.
Other benefits/advantages associated with one or more
embodiments of the present invention will depend on a given
application and will be apparent in light of this disclosure.

System Architecture and Operation

FIG. 2 is a block diagram of a laser cavity 200 implement-
ing a walk-off compensation mechanism 250 configured in
accordance with an embodiment of the present invention. As
can be seen, laser cavity 200 may include, for example, a
non-linear converter 210 (e.g., an optical parametric oscilla-
tor or OPO) which suffers from beam walk-off (e.g., due to
bi-refringence of its non-linear medium 230). In some
embodiments, a walk-off compensation mechanism 250 may
be implemented downstream of non-linear converter 210.
Laser cavity 200 may include additional, fewer, and/or dif-
ferent elements or components from those here described, as
will be appreciated in light of this disclosure. The claimed
invention is not intended to be limited to any particular laser
cavity or laser system configurations, but can be used with
numerous configurations in numerous applications, as will be
appreciated in light of this disclosure.

In accordance with an embodiment, a pump beam may be
provided to non-linear converter 210 by any suitable pump
laser source, including, but not limited to: a fiber laser (e.g., a
thulium-doped fiber laser); a semiconductor diode laser (e.g.,
gallium arsenide or GaAs; indium phosphide or InP); and/or
a solid-state laser (e.g., Q-switched Ho: YAG; Lu:YAG). The
pump beam may be of any given wavelength or range of
wavelengths (e.g., less than about 2 pum) and may be continu-
ous wave (CW) or pulsed (e.g., if non-linear converter 210 is
an OPO), in accordance with an embodiment, as suitable for
a given application. Other suitable sources and/or wave-
lengths of the pump beam will be apparent in light of this
disclosure.

As can be seen, the pump beam may be received at an input
end of non-linear converter 210, which may include, for
example, a high-reflectivity mirror 220 or other input coupler.
As will be appreciated, high-reflectivity mirror 220 may be
configured/implemented as conventionally done. For
instance, in one specific example embodiment, high-reflec-
tivity mirror 220 may be configured/implemented as a zinc
selenide (ZnSe) substrate having one or more suitable high-
reflectivity coatings. Other suitable configurations/types of
high-reflectivity mirror 220 will depend on a given applica-
tion and/or other componentry of non-linear converter 210
(e.g., a corresponding partial-reflectivity mirror 240, dis-
cussed in detail below) and will be apparent in light of this
disclosure.

As can further be seen, the beam subsequently may be
received by a non-linear medium 230. In accordance with an
embodiment, non-linear medium 230 may be, for example, a
high-refractive-index, bi-refringent material such as, but not
limited to: zinc germanium phosphide (ZnGeP, or ZGP);
and/or cadmium silicon phosphide (CdSiP,). In some
embodiments, non-linear medium 230 may be implemented
as a single crystal of a given cut. In some cases, and in
accordance with an embodiment, the type and/or cut of non-
linear medium 230 may be chosen, at least in part, based on
the desired output wavelength range (e.g., MIR) of non-linear
converter 210. Other suitable materials and/or configurations
for non-linear medium 230 will depend on a given application
and will be apparent in light of this disclosure.

As can further be seen, after passage through non-linear
medium 230, the beam may be directed to an output end of
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6

non-linear converter 230, which may include, for example, a
partial-reflectivity mirror 240 or other output coupler. As with
the aforementioned high-reflectivity mirror 220, partial-re-
flectivity mirror 240 may be configured/implemented as con-
ventionally done. For instance, in one specific example
embodiment, partial-reflectivity mirror 240 may be config-
ured/implemented as a zinc selenide (ZnSe) substrate having
one or more suitable partial-reflectivity coatings. In some
instances, the type, geometry, and/or configuration of partial-
reflectivity mirror 240 may be chosen, at least in part, based
on the type, geometry, and/or configuration of high-reflectiv-
ity mirror 220. Other suitable configurations/types of partial-
reflectivity mirror 240 will depend on a given application and
will be apparent in light of this disclosure.

Upon exiting non-linear converter 210, the beam may be
made available for further processing and/or utilization.
However, as previously noted, at this stage the beam may
exhibit spatial walk-off effects (e.g., the emissions may drift
apart or otherwise fail to properly/desirably overlap, resulting
in a broader amplitude and/or a broader intensity profile than
desired), which may make the beam unsuitable for some
applications or otherwise cause problems for a telescope that
receives the beams. Therefore, as will be appreciated, it may
be desirable to implement one or more walk-off compensa-
tion techniques disclosed herein to mitigate/eliminate the
effects of beam walk-off.

Thus, and in accordance with an embodiment of the present
invention, a walk-off compensation mechanism 250 may be
implemented downstream of non-linear converter 210 and
configured, for example, to receive its output beam and per-
form one or more functions including, but not limited to: (1)
beam walk-off compensation; and/or (2) precision beam
direction. In some cases, walk-off compensation mechanism
250 may help to minimize/eliminate the walk-off effect asso-
ciated, for example, with a non-linear converter 210 (e.g., an
OPO) implementing a single crystal of bi-refringent material
(e.g., ZGP or CdSiP,) as its non-linear medium 230. Other
suitable configurations/uses for walk-off compensation
mechanism 250 will depend on a given application and will
be apparent in light of this disclosure.

FIG. 3A illustrates a perspective view of a walk-off com-
pensation mechanism 250 configured in accordance with an
embodiment of the present invention, and FIG. 3B illustrates
a cross-section view of the compensation mechanism 250 of
FIG. 3A taken along dashed line [3- therein. As can be seen,
walk-off compensation, mechanism 250 may include a walk-
off compensation medium 252, which, in accordance with an
embodiment, may comprise the same material and/or be con-
figured with the same cut as, for example, non-linear medium
230 implemented upstream in non-linear converter 210 (e.g.,
ZGP and/or CdSiP,), discussed in detail below.

In accordance with an embodiment, walk-oftf compensa-
tion medium 252 may be of any desired dimensions (e.g.,
length, width, height, circumference, etc.) and/or geometry
(e.g., polyhedral, prismatic, cylindrical, etc.) suitable for a
given application and may be chosen, at leastin part, based on
the desired amount of beam displacement (e.g., the beam
centroid spatial translation to be achieved to yield the desired
amount of beam overlapping). In one specific example
embodiment, walk-off compensation medium 252 may be
configured as, for example, as a square prism (e.g., length in
the range of about 5-15 mm; cross-section area is the range of
about 16-25 mm?). Other suitable dimensions, geometries,
and/or configurations for walk-off compensation medium
252 will depend on a given application and will be apparent in
light of this disclosure.
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As previously noted, a non-linear converter 210 (e.g.,
OPO) which implements, for example, a single crystal of a
bi-refringent material (e.g., zinc germanium phosphide,
ZnGeP, or ZGP; cadmium silicon phosphide or CdSiP,) as its
non-linear medium 230 may be susceptible to producing out-
put beams which experience beam walk-oft. Thus, and in
accordance with a specific example embodiment, in some
cases in which non-linear medium 230 is a single crystal of
ZGP or CdSiP, of a given cut, walk-off compensation
medium 252 similarly may comprise a single crystal of ZGP
or CdSiP,, respectively, of the same cut.

Given that walk-off compensation medium 252 is external
to or otherwise discrete from non-linear converter 210 (e.g.,
not part of the resonator, and so subjected to lower beam
intensity), in accordance with an embodiment, it may be of
lower quality (e.g., lower purity, lower coating quality, and/or
lower damage threshold, etc.) than non-linear medium 230.

As can further be seen, in some embodiments, walk-off
compensation mechanism 250 may include a tilt-ball mount
254. In accordance with an embodiment, tilt-ball mount 254
may comprise, for example, a metal (e.g., aluminum, stain-
less steel, titanium, etc.) or other suitable material that is
compatible, for instance, with walk-off compensation
medium 252, tilt-ball seat 285 (discussed in detail below),
and/or an optionally included quantity of adhesive (discussed
in detail below). Furthermore, and in accordance with an
embodiment, tilt-ball mount 254 may be of any desired
dimensions (e.g., length, width, height, circumference, etc.)
and/or geometry (e.g., spherical, cylindrical, ellipsoidal,
polyhedral, prismatic, etc.) suitable for a given application
and may be chosen, at least in part, based on the desired
amount of beam displacement (e.g., the beam centroid spatial
translation to be achieved to yield the desired amount of beam
overlapping). In one specific example embodiment, tilt-ball
mount 254 may be configured, for example, as a 10-12 mm
diameter sphere and/or be capable of moving/displacing the
beam by about 1 mm. Other suitable materials, dimensions,
geometries, and/or configurations for tilt-ball mount 254 will
depend on a given application and will be apparent in light of
this disclosure. For example, tilt-ball mount 254 alternatively
may be configured as a tip-tilt mount or an azimuth over
elevation yolk.

In some embodiments, tilt-ball mount 254 may be config-
ured with an aperture, recess, or other feature formed therein
and designed to receive/retain at least a portion of walk-off
compensation medium 252. For instance, in one specific
example embodiment, tilt-ball mount 254 includes a through-
hole aperture 255 that is appropriately dimensioned to
securely receive/mount walk-off compensation medium 252
(e.g., the dimensions and/or geometry of through-hole aper-
ture 255 may be made to accommodate those of walk-off
compensation medium 252). In some embodiments, through-
hole aperture 255 may be configured to provide a friction fit
that suitably secures/mounts walk-off compensation medium
252 within/on tilt-ball mount 254. In some embodiments,
through-hole aperture 255 may be configured to receive, for
example, an epoxy or other appropriate adhesive substance
that helps to secure/mount walk-off compensation medium
252 within/on tilt-ball mount 254. Other materials and/or
configurations for keeping walk-oft compensation medium
252 within through-hole aperture 255 will depend on a given
application and will be apparent in light of this disclosure.

In accordance with an embodiment, tilt-ball mount 254
may be configured to be adjusted (e.g., tilted, rolled, etc.)
manually and/or mechanically to reposition walk-off com-
pensation medium 252 (e.g., relative to the output beam of
non-linear converter 210). In some embodiments, tilt-ball
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mount 254 may provide/imbue walk-off compensation
mechanism 250 with an integral tilt function, which may
permit, for example, precision beam directing to help achieve
sufficient overlap (e.g., beam centroid spatial translation to
mitigate beam spatial walk-off) of the emissions from non-
linear converter 210 (e.g., OPO), for instance, in the far field.

In some cases, it may be desirable to adjust tilt-ball mount
254 to a given angle that is, in one specific example embodi-
ment, the exact opposite angle of non-linear medium 230
implemented upstream in non-linear converter 210. However,
the claimed invention is not so limited, for instance, and in
accordance with an embodiment of the present invention, so
long as walk-off compensation medium 252 is properly ori-
ented within tilt-ball mount 254 (e.g., the walk-off compen-
sation crystal 252 is correctly inserted front-to-back within
through-hole aperture 255 of tilt-ball mount 254), walk-off
compensation mechanism 250 may be capable of being
adjusted several degrees without significantly changing the
quality of the walk-off compensation (e.g., still achieve the
desired beam centroid spatial translation to mitigate beam
spatial walk-off).

As will be appreciated, if walk-off compensation medium
252 comprises a high-refractive-index material (e.g., a ZGP
or CdSiP, crystal) and is of sufficient length, then adjustment
of tilt-ball 254 including such walk-off compensation
medium 252 may result in significant displacement of all
output beams together. Thus, and in accordance with an
embodiment, this may be useful for applications which
require that the output beams be centered with respect to the
output telescope lenses, for example.

As previously noted, and in accordance with an embodi-
ment of the present invention, combination of a walk-off
compensation medium 252 with a tilt-ball mount 254 to pro-
duce a walk-off compensator mechanism 250 having an inte-
gral tilt function may eliminate, for example, the need to
include within a given laser system a tilt-ball (with its atten-
dant thick glass piece) that is separate and discrete from its
walk-off compensation medium (e.g., such as with the
example approach represented in FIG. 1).

As previously noted, tilt-ball mount 254 may be adjusted
manually and/or mechanically into a given position that
yields the desired output beam (e.g., as indicated by test
equipment monitoring the output beam). As will be appreci-
ated, it may be desirable to minimize/prevent any subsequent,
unwanted movement of tilt-ball mount 254 (and thus walk-off
compensation medium 252) once a desired position/orienta-
tion is achieved. Thus, and in accordance with an embodi-
ment, a stabilizer (e.g., physical clamp, magnetic clamp,
shim, adhesive/glue, etc.) may be implemented to secure/
stabilize walk-off compensation mechanism 250 in a given
position temporarily and/or permanently. However, the
claimed invention is not so limited; for example, and in accor-
dance with an embodiment, in some cases proper balancing of
the tilt-ball mount 254 may be sufficient to prevent such
unwanted movement.

FIG. 4 is a perspective view of a walk-off compensation
mechanism 250 with a stabilizer 280, configured in accor-
dance with an embodiment of the present invention. As can be
seen, walk-off compensation mechanism 250 (e.g., tilt-ball
mount 254) may be seared in or otherwise adjustably coupled
with, for example, a tilt-ball seat 285. Tilt-ball seat 285 may
be configured to permit tilt-ball 254 (and thus walk-off com-
pensation medium 252) to be adjusted (e.g., tilted, rolled,
etc.) to achieve a variety of positions/orientations, in accor-
dance with an embodiment. As can further be seen, tilt-ball
seat 285 may be secured or otherwise integrated into a chassis
286 or other suitable structure/support.
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Once in the desired position/orientation, a clamping
mechanism, for example, may be implemented to engage and
secure/stabilize tilt-ball mount 254 (and thus walk-off com-
pensation medium 252) in a given orientation. For instance,
and in accordance with one specific example embodiment,
the clamping mechanism may comprise a post 287, a clamp
arm 288, and a fastener 289. Clamp arm 288 may be brought
into contact with a portion of walk-off compensation mecha-
nism 250 (e.g., the exterior surface of tilt-ball mount 254) and
may be held at (e.g., locked into) such location by fastener
289 (e.g., a screw, threaded bolt, or other suitable fastener,
etc.), which is received by a corresponding portion of post
287. Consequently, tilt-ball mount 254 (and thus walk-off
compensation medium 252) may be held/stabilized in posi-
tion within tilt-ball seat 285. Other suitable configurations
and/or stabilizer components will depend on a given applica-
tion and will be apparent in light of this disclosure.

As will be appreciated in light of this disclosure, a ball-in-
seat configuration (e.g., walk-off compensation mechanism
250 adjustably coupled with stabilizer 280) may be imple-
mented, for example, in applications where a wide displace-
ment range is desired. In some other embodiments in which
only a small range of displacement is desired, walk-off com-
pensation mechanism 250 may be operatively coupled, for
example, with an azimuth/elevation flexure arrangement.

The foregoing description of the embodiments of the
invention has been presented for the purposes of illustration
and description. It is not intended to be exhaustive or to limit
the invention to the precise form disclosed. Many modifica-
tions and variations are possible in light of this disclosure. It
is intended that the scope of the invention be limited not by
this detailed description, but rather by the claims appended
hereto.

What is claimed is:

1. A system comprising:

a non-linear converter configured to receive a pump beam
and generate an output beam; and

awalk-oftf compensation mechanism configured to receive
the output beam of the non-linear converter and having
an integral tilt function, wherein the walk-off compen-
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sation mechanism is configured to be at least one of tilted
and rolled to achieve walk-off compensation for the
output beam.

2. The system of claim 1, wherein the non-linear converter
comprises an optical parametric oscillator (OPO).

3. The system of claim 1, wherein the non-linear converter
utilizes a non-linear medium comprising at least one of a zinc
germanium phosphide (ZnGeP,) crystal and a cadmium sili-
con phosphide (CdSiP,) crystal of a given cut.

4. The system of claim 1, wherein the walk-off compensa-
tion mechanism comprises:

a tilt-ball mount having a through-hole aperture formed

therein; and

a walk-off compensation medium, wherein at least a por-
tion of the walk-off compensation medium is disposed
within the through-hole aperture of the tilt-ball mount.

5. The system of claim 4, wherein the tilt-ball mount has a
geometry that is spherical, cylindrical, ellipsoidal, polyhe-
dral, or prismatic.

6. The system of claim 4, wherein the walk-off compensa-
tion medium comprises a zinc germanium phosphide
(ZnGeP,,) crystal or a cadmium silicon phosphide (CdSiP,)
crystal.

7. The system of claim 4, wherein the walk-off compensa-
tion medium at least one of comprises the same material as the
non-linear medium and has the same cut as the non-linear
medium.

8. The system of claim 4 further comprising a stabilizer,
wherein the stabilizer comprises:

a seat configured to receive a first portion of the tilt-ball

mount;

a chassis configured to support the seat;

a post operatively coupled to the chassis;

a clamp arm operatively coupled to the post, wherein the
clamp arm is configured to engage a second portion of
the tilt-ball mount; and

a fastener configured to secure the clamp arm once it
engages the second portion of the tilt-ball mount.

9. The system of claim 1, wherein the walk-off compensa-

tion mechanism is configured to be at least one of tilted and
rolled to achieve precision directing for the output beam.
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